This paper investigates the structure of the continuous liquid jet of a coaxial air-blast atomiser over a range of Weber numbers 60-1040, Reynolds numbers of liquid jet 5400-21700 and air to liquid momentum ratios of the two streams of 1.7-335. A novel optical technique, based on internal illumination of the liquid jet through the jet nozzle by a laser pulse, which excites a fluorescing dye introduced in the atomizing liquid, was used to obtain instantaneous measurements of the breakup length and the three dimensional location of the liquid core of the continuous liquid jet. The latter was achieved by simultaneously imaging the liquid jet from two directions normal to each other. Such measurements are usually prevented by droplets surrounding the liquid jet at the dense spray near the nozzle exit. The measurements showed that the break-up length of the liquid jet scaled well with the air to liquid momentum ratio. The standard deviation of the temporal fluctuations of the break-up length was around 10% of the mean breakup length for each considered flow condition. The instantaneous jet surface does not develop axi-symmetric wave structures but the time-averaged liquid jet is axi-symmetric around the nozzle axis, while the maximum deflection of the liquid jet occurs close to the breaking point.
INTRODUCTION
Air-blast atomization is utilized in a large number of applications of interest to propulsion applications, including liquid propellant rocket engines and gas turbine injectors among others. The successful atomization of the liquid jet into small droplets is essential for combustion, as it promotes evaporation and thorough mixing of the liquid fuel vapour with the surrounding gas. For this reason, the process of disintegration of the liquid jet by the high speed air co-flow is of great interest to combustion research and has been studied by a large number of researchers, including [1] [2] [3] [4] [5] [6] [7] . The main visualisation method of the liquid jet in these investigations is shadowgraphy.
The atomization process takes place in two zones [8] . In the primary zone, close to the jet nozzle, the shear forces along the interface between the gas and liquid flow destabilize the liquid jet, which begins to disintegrate into droplets and ligaments. This zone extends over a distance of several diameters of the liquid jet beyond the nozzle exit, up to the point where the continuity of the liquid jet is interrupted. Beyond that point, in the secondary atomization zone, further disintegration of the initial droplets and ligaments by the gas stream occurs, until stable droplet sizes are attained. Consequently, the final droplet size and the dispersion of the spray droplets depend on the disintegration process of the continuous liquid jet. For this reason a lot of experimental and numerical work has been carried out on the subject of primary atomisation as indicated by the review articles of [9] [10] [11] . However, no conclusive description of the physics of the process has been attained yet as the experimental techniques available are limited due to difficulties to obtain measurements in the dense spray region. This includes the structure of the continuous liquid jet in terms of spatial and temporal characteristics of the interface, the three dimensional structure of the liquid jet and the break-up length and the associated temporal fluctuations.
Traditionally two characteristics of the jet have been used to describe the atomization in the primary zone. The intact length, which is defined as the distance from the exit of the liquid nozzle up to the point where droplet forming ligaments occur and the breakup length which is defined as the distance from the liquid nozzle exit, up to the point where the continuity of the liquid jet is interrupted (Fig. 1) .
In this work we investigate the effect of the flow conditions on the intact length, the break-up length and the shape of the jet, using a new method [12] [13] which is based on the fluorescent light emitted from a dye present in the atomising liquid jet, when the jet is illuminated through the nozzle by laser light. The main advantage of the technique lies in the combination of high emitted intensity from the continuous jet and low background intensity from the surroundings, which results in good contrast between the continuous liquid jet and the background. Since the laser light reaches the liquid jet through the injection nozzle, droplets or ligaments that may be present around the liquid jet do not influence the probing of the continuous jet. When two cameras, placed normal to each other, are used to record the fluorescence intensity from the liquid jet from two directions, information on the three-dimensional liquid jet structure can be obtained.
The organisation of the rest of the paper is the following. First we describe the novel technique for the measurement of the break-up length and the structure of the liquid surface of the continuous liquid jet and highlight its advantages. The description of the experimental facility follows. Measurements of the break-up length and the continuous liquid jet characteristics are presented next for a wide range of operating conditions. The paper ends with a discussion of the results and conclusions.
Figure 1:
Characteristics of an atomising liquid jet.
VOLUME FLUORESCENCE TECHNIQUE
It has been known since the 19 th century [14] [15] that light is able to propagate inside a water jet, a fact that can easily be observed today at illuminated fountains. The ability of a liquid jet to transmit light is due to total internal reflection of the light at the liquid interface with the surrounding gas, the same principle that allows the operation of optical fibers. When a ray of light within a liquid jet reaches the liquid surface and the angle of incidence is greater than the critical angle (about 49 degrees for water in air), the light is totally reflected back inside the liquid. This behaviour of light can be exploited for the visualization of the continuous portion of the liquid jet, by illuminating the atomizing liquid jet through the nozzle with a laser. In this way, the incident laser beam will propagate from the base of the liquid jet and through its length by reflecting at the jet surface all the way to the breaking point. Although this occurs in optical fibers, the main difference is that the liquid jet surface is not smooth as the optical fiber. As a consequence, some of the rays of the light will be incident to the liquid surface at angles smaller than the critical for total internal reflection and light scattering losses will occur along the length of the jet, as some of the incident light is refracted through the interface. Beyond the break-up point of the liquid jet the propagating light will defuse and its intensity will diminish [12] [13] .
Although the laser light, scattered from the liquid surface, can be used to visualize the liquid jet, there are some associated disadvantages.
1. The spatial distribution of the scattered light intensity is not continuous along the liquid jet but appears sporadically at points where the propagating laser beam reaches the jet surface at angles less than the critical. Thus, the liquid jet surface is not visualised along the full length of the continuous liquid jet.
2.
It is not easy to distinguish between scattered light from the surface of the liquid jet and from droplets and ligaments around the liquid jet, making visualization difficult close to the break-up point. These shortcomings can be resolved by the introduction of a fluorescing dye in the liquid, if a naturally fluorescing substance is not present. The addition of such a dye will result in part of the laser light being absorbed along its path through the liquid jet and almost instantaneously be re-emitted at a longer wavelength as fluorescence. In this way:
1.
The fluorescence signal is emitted from within the liquid and not the surface of the jet. Thus, the whole volume of the continuous liquid jet becomes luminous and the continuous liquid jet is clearly detected.
The fluorescent light emission is at a longer wavelength than that of the illuminating laser light, and with an optical filter the acquired images are free of background noise due to scattering light from the atomization products. In Fig. 2 , a comparison of the imaging between scattered and fluorescent light from an internally illuminated jet is presented, which is simultaneously imaged with two cameras, one detecting the scattered light from the laser beam and the other detecting the fluorescent intensity emitted by the dye. In the first case, the liquid jet close to the nozzle exit is hardly noticeable as there is very little light scattering from the smooth jet surface at that region. The Laser Induced Fluorescence (LIF) technique does not share this problem. Downstream of the nozzle exit, for the scattering technique, the products of atomization interfere with the imaging of the liquid jet significantly and the jet is completely obstructed. In the case of LIF, the atomization products are not very noticeable and the liquid jet is visualized up to the break-up point.
The LIF visualization of the liquid jet by internal illumination compares well against the popular shadowgraphic technique. It has been shown [12] [13] that the former provides unbiased measurements of the break-up length, not hindered by the products of atomization. However, it was shown that the products of atomisation might lead to overestimation in the value of the break-up length when measured with shadowgraphy. This is demonstrated by the photographs of Fig. 3 .
Another significant advantage of the internal illumination LIF technique over shadowgraphy is the better contrast between the jet surface and the background for the former. With internal illumination, the luminous liquid jet is imaged against a dark background. With shadowgraphy, the bright background is deflected by the jet. The difference in the quality of the imaging, which is important for the accurate detection of the liquid jet surface geometry, is evident from the photographs of Fig. 3 .
Other methods have been used for detecting the continuous liquid jet characteristics but have limitations. Methods based on electrical conductivity measurements are intrusive and inevitably affect the flow [16] [17] . Methods based on side illumination of the jet by a laser sheet would have difficulties to discriminate between the continuous liquid jet and the products of atomization in dense sprays [18] [19] . Methods, based on X-ray absorption [20] [21] [22] and ballistic imaging [23] [24] [25] , are promising, but at present require very specialised equipment and are expensive to implement. Therefore, the proposed technique offers unique advantages for the quantification of the liquid jet. Comparison between a) shadowgraphy and b) LIF imaging by internal illumination of the liquid jet. The images show the obstruction caused by atomization products for shadowgraphy and improved contrast for the LIF technique.
EXPERIMENTAL FACILITY
The investigation was conducted on the air-blast atomiser shown in Fig. 4 . It was operated here at atmospheric pressure with water in the central tube of inside diameter reducing from 10 mm to 2.3 mm through a smooth conical contraction with length 12 mm and area ratio of 19. The part of the tube with internal diameter 2.3 mm extended over a distance of 50 mm, corresponding to 22 liquid nozzle diameters. The air flow to the annulus of internal and external diameters 2.95 mm and 14.95 mm respectively was supplied through four inlets with their axes normal to that of the nozzle. The air jet was accelerated by a conical shaped contraction before the exit of the nozzle to reduce possible flow asymmetries. This nozzle geometry ensured that the air flow velocity around the liquid jet remained approximately constant till the break-up region, since the break-up length was always smaller than around three air nozzle diameters. Further details of the air-blast atomiser geometry can be found in [26] .
Figure 4:
Coaxial air-blast atomiser geometry. The light guiding tube within the liquid jet tube is highlighted in green.
The original atomiser was modified in order to allow the internal illumination of the atomizing liquid through the liquid jet nozzle. Direct passage of the laser beam through the liquid, for the whole length of the liquid tube, would result in unnecessary losses of light intensity due to absorption from the fluorescing dye. This issue was resolved by the addition of a small diameter stainless steel tube of 3.5 mm diameter within the atomizing liquid tube, open at the top end and fitted with a quartz window at the bottom end. The tube acts as a guide for the laser light and delivers the laser beam to the liquid jet upstream of the conical contraction of the liquid nozzle, as shown in Fig. 3 , circumventing the absorption issue. As a consequence, the laser guiding tube does not restrict the liquid flow and does not reduce the area of the nozzle. The laser guiding tube was additionally polished internally to minimize reflection losses.
The atomiser was placed vertically with the spray exhausting downwards and most of the liquid was collected in a tank. The air was supplied to the nozzle by a compressor and metered by a rotameter. The air rotameter operated at gauge pressure between 10 and 100 kPa and the flowrates were corrected to Normal Temperature Pressure (NTP) conditions, as suggested by the manufacturer. The liquid was pumped from a tank and the flowrate was adjusted by a valve in the return line of the excess liquid to the tank and metered by a rotameter, which operated at a gauge pressure between 10 and 300 kPa. The air and liquid flowrates supplied to the nozzle were kept constant within 5%.
Illumination of the liquid jet was achieved by a pulsed Nd:YAG laser, operating at 532 nm. The energy of each pulse was around 100 mJ and its duration was approximately 5 ns. The short duration of the pulse guarantees the instantaneous illumination of the jet. The initial laser beam diameter was reduced by a set of lenses in Galilean configuration, which makes use of a combination of convex and concave lenses to modify the collimated beam diameter without focussing the laser light at an intermediate focal point, where the high laser power could cause breakdown of the surrounding air. The laser beam was subsequently steered in the light guide tube by a right angle prism mounted on an adjustable base. The lens system was used to decrease the laser beam diameter so that it fitted complete within the guide tube and thus the illumination of the liquid jet was improved.
Fluorescence from the liquid phase was produced by Rhodamine WT dye, which absorbs strongly at 532 nm. Its peak fluorescent intensity is well separated at 587 nm [27] . The concentration of the dye was adjusted so that the optical depth of the doped water was greater than 400 liquid jet diameters, so that attenuation effects due to absorption would not be noticed within the imaged area.
For the imaging of the jet, two 12-bit PCO Sensicam QE CCD cameras were used. The exposure time was 1ms. For LIF imaging, the cameras were positioned so that the atomising jet was viewed by the two cameras at right angles to each other. In this way the profile of the jet can be recorded from two normal views and information of the spatial evolution of the jet in all dimensions can be resolved. Additionally the cameras were fitted with colour glass long pass optical filters with a stop-band limit at 540 nm, so that only the longer wavelength fluorescent light from the jet was imaged while the shorter wavelength scattered light of the illuminating laser beam was suppressed. In some cases however, the cameras were placed so that the same view of the jet core was recorded by each camera with one camera imaging the scattered light and the other the fluorescent light. In this case the scattered light imaging camera was fitted with a bandpass interference optical filter centred at 532 nm with a FWHM of 10 nm.
The three liquid flowrates, corresponding to area-averaged velocities at the exit of the nozzle of 2 m/s, 4 m/s and 8 m/s were considered. For each liquid flowrate, the air flowrate was adjusted to deliver area-averaged velocities in the air flow annulus between 47 m/s and 166 m/s.
From the flow rates of the air and the liquid, along with the physical properties of the two fluids and the configuration of the nozzle, the atomization process is scaled by the following non-dimensional numbers. The most common scaling approach has been suggested by Eroglu et al. [28] , and is based on the liquid Reynolds number: (1) and the aerodynamic Weber number:
However scaling based solely on the air to liquid momentum ratio: (3) has been shown [26] to provide better scaling of the breaking of the jet core and stable droplet size over a wide range of operating conditions and has been followed by other researchers [4] . Scaling based on the momentum flux ratio (which is different from the momentum ratio of Eq. (3) since the area ratio of the two streams is omitted) has also been used [29] . The flowrates for each flow condition and their corresponding We, Re L and MR are summarized in Table 1 . For each operating condition 1000 images were recorded. The mean value of the breakup length was determined from the standard deviation of each sample to be accurate within about ±1% of the mean value of the breakup length.
Structure of the continuous liquid jet core during coaxial air-blast atomisation 
JET CORE ANALYSIS METHODS
In order to evaluate the structure of the liquid jet, the fluorescent intensity was averaged along the radial direction across the liquid jet at different locations along the axis of the liquid jet for each of the acquired images. In this way the fluorescent intensity along the axis of the liquid jet was determined as a function of the axial distance from nozzle exit and an example is shown in Fig. 5 (normalised by the internal liquid nozzle diameter, D L ). The location of the first sharp maximum in the fluorescent intensity along the axial distance marks the nozzle exit. This maximum is due to deposition of dye at the nozzle edges and makes the identification of the base of the jet core straightforward. Various local intensity maxima are observed along the jet axis. These are due to bright spots, which are formed along the jet core (as can be seen in Fig. 6 that corresponds to the profile of Fig. 5 ) that are most likely caused by features on the surface of the liquid jet that locally focus part of the laser beam. This is supported by the rather elongated shape they attain. However in some cases there is also the possibility that they are due to a very strong reflection of scattered light that was not completely absorbed by the long pass filter. However, this is a rare event, since Fig. 2 demonstrates that the spots at the base of the liquid jet are present on the fluorescent light image, but do not appear on the scattered light image. The presence of the spots does not cause hindrance in the determination of the location of the jet core. In order to avoid error due to background noise on the determination of the breakup length, the fluorescent intensity profile was smoothed by averaging the fluorescent intensity along a number of pixels (corresponding to about 0.2 nozzle diameters) in the direction of the liquid jet axis.
Figure 5:
Example of the variation of the integrated fluorescent intensity across the local diameter of the liquid jet as a function of the axial distance from the nozzle exit (normalized by the liquid nozzle diameter) At the nozzle exit, the emitted fluorescence intensity from the jet forms a plateau and then begins to decrease. The jet core is considered continuous as long as the fluorescent intensity is above a certain threshold. The threshold was chosen to be around 20% of the fluorescent intensity of the plateau at the base of the jet after the nozzle exit. The fluorescent intensity drops sharply before this threshold value and the jet profile (Fig.  5) begins to have little variation. Changes of the threshold value from 10% to 30% resulted in less than ±13% change of the value of the measured breakup length. In addition, since the selected threshold criterion is relative to the fluorescent intensity at the base of the jet, shot-to-shot variations of the laser energy should not interfere with the evaluation of the breakup length. Beyond the threshold value there is still some signal from the products of atomisation but this is of low intensity.
The detection of the middle line of the liquid core was achieved by thresholding the intensity distribution of the recorded image. In Fig. 7 , the resulting shape of the liquid core of Fig. 6 after image processing is presented. Comparison of the two figures shows that the thresholding method traces the profile of the liquid jet well. The centre of the liquid jet can be determined from the measured contour of the jet as the midpoint between the left and right edge of the contour. From this information the deflection of the liquid jet from the geometrical axis of the nozzle can be determined from each image, and from the two normal views the total deflection can be estimated.
Figure 7:
Contour of liquid jet of Figure 6 , as detected after thresholding the fluorescent intensity distribution as a function of the axial distance from the nozzle exit.
RESULTS AND DISCUSSION
Characteristic examples of the acquired images are presented in Fig. 8-10 . In each figure the liquid velocity remains constant, while the co-axial air velocity increases. Simultaneous images of the fluorescent liquid jet from two views normal to each other are presented. Regions of especially high luminance are noticeable along the liquid jet surface. As discussed earlier, these are likely to correspond to locations of focusing of the laser light due to the shape of the liquid jet surface that intensifies fluorescence. In Fig. 8 , type 1 flows are presented (U L = 2 m/s) for U G = 47 m/s (Fig. 8a) , U G = 95 m/s (Fig. 8b) and U G = 142 m/s (Fig. 8c) . For the smallest air co-flow (U G = 47 m/s), the liquid jet is free of detachment of ligaments for the first two nozzle diameters and only small amplitude disturbances exist in this region. Beyond a distance of two nozzle diameters from the nozzle exit, excursions emanating from the liquid jet surface are evident. Downstream, the liquid jet is thinning and the initially round jet becomes more like a liquid sheet, until it eventually disintegrates.
With increasing air velocity (U G = 95 m/s, Fig. 8b ), the continuous liquid jet decreases significantly in length. Interface disturbances appear very close to the nozzle on the images recorded from both viewing angles, but do not appear to be axisymmetric. For example in Fig. 8b2 , the first disturbance on the left side of the liquid jet does not appear on the right side, which remains flat. About two nozzle diameters downstream of the nozzle exit, the liquid jet looses its round shape. From the profiles of the jet from the two directions, it appears that the liquid jet is thinning in Fig. 8b1 , while it is wide in Fig. 8b2 .
Further increase of the air-velocity (U G = 142 m/s, Fig. 8c ) results in little differences from the previous condition and comparison of the two liquid jet views does not show symmetric development around the nozzle axis. However, the liquid jet does shorten a little in relation to the previous case.
When the liquid velocity increases to 4 m/s (Fig. 9) , the liquid jet gains momentum and becomes less sensitive to the influence of air flow. For the lowest air flow rate (U G = 47 m/s, Fig. 9a ), the intact core length extends to about 3 liquid nozzle diameters from the nozzle. However in this region, there are a number of features of small wavelength along the liquid jet surface which do not appear to disintegrate. The direction of the crest of some of these features does not point downstream, as it would be expected if it followed the direction of the acceleration of the liquid stream. Despite the increased amount of disturbances on the surface of the liquid jet, stripping of liquid does not appear to occur until downstream where ligaments are protruding from the liquid jet at random locations along the jet length. The liquid jet continuity persists for a number of nozzle diameters downstream. At the breaking point, there is some thinning of the liquid jet and the profile of the jet close to the breaking point becomes somewhat flat.
As the air velocity U G , increases to 95 m/s (Fig. 9b ) stripping of liquid from the jet appears much faster and the intact length decreases significantly. In contrast to the previous case of the same air flowrate but lower liquid flow rate (Fig. 8b) , at this liquid flow rate the liquid jet is deflected less from the central axis. However the air co-flow appears to shear a considerable amount of liquid from the jet surface, as evidenced by the roughened profile of the jet. As before, comparison of the two views shows little symmetry around the nozzle axis. Fig. 9c ) the increased shear between the two streams causes a small decrease of the continuous length of the liquid jet, but more significant reduction of the intact core length. As in previous flow conditions, the two views of the liquid jet show a non-symmetric development of the continuous liquid jet.
For the highest liquid flow rate (U L = 8 m/s), due to the long length of the liquid jet and the roughened surface the fluorescent light intensity further from the nozzle is decreased, due to losses of light through the interface. For this reason, some caution is required when interpreting the measurements for jets that extend considerably downstream of the nozzle exit. For this flow, the liquid jet is largely insensitive to the air co-flow for U G = 47 m/s (Fig. 10a) and little deflection from the central axis for both views occurs along the length of the jet. The surface morphology of the jet stream is more perturbed in relation to the lower flowrates but stripping of liquid is delayed until a few nozzle diameters downstream the nozzle exit.
Increase of U G to 95 m/s (Fig. 10b) reduces the break-up length significantly. Nevertheless, the liquid jet remains intact in both views for about two nozzle diameters. Although there is no deviation of the liquid jet from the central axis throughout the continuous section, axi-symmetric characteristics are not observed on the liquid jet surface along the core length. As observed previously for lower liquid jet velocities here as well surface features exist that point upstream.
Increase of the air co-flow velocity to 142 m/s (Fig. 10c) has a small effect on the break-up length, although the reduction of the length is greater than the reduction for the same change of air velocity at the lower liquid injection velocities. The atomization is more vigorous than at Fig. 10b as can be observed by the more roughened profile of the jet core which is evident in both simultaneous views of the liquid jet.
By averaging the fluorescent intensity images emitted from the liquid jet core over the total number of recorded images for each flow condition, the mean location of the liquid jet for each flow condition is obtained (Fig. 11) . The contours of the fluorescent intensity, averaged over all, images, which is equivalent to the liquid volume fraction, show no preferential direction of the location of the jet core in respect to the nozzle axis. The deflection of the continuous liquid jet before the break-up point is limited. In some cases, an increase of the fluorescent intensity emitted from the core further from the nozzle exit can be noticed, especially as the jet core becomes shorter. This is due to internal reflections of the laser beam, which cause the laser beam to cross multiple times inside the liquid jet core causing the dye to fluoresce more intensely. Close to the nozzle exit, the increase of the apparent diameter of the jet shows the location where the first large protrusions from the jet surface begin to emanate. These can be used as markers of the end of the intact core length. The uncertainty of the measurement is limited to ±2-3 pixels, which correspond to about ±0.05D L . However for the more turbulent jets under the lowest amount of shear the protrusions may not necessarily be droplet forming and the intact core might be longer. The average length of the intact core as evaluated from the contours of Fig. 11 for all flow conditions is shown in Fig. 12 and is presented as a function of the Momentum Ratio (MR). The measured values collapse on a single trend which can be described by power law function with an exponent of -0.77. Only for the lowest momentum ratios, does the jet core surface appear to be undisturbed by the coaxial air flow for more than one liquid nozzle diameter and increase in MR results in the fast decrease of the intact length until atomisation begins almost immediately at the nozzle tip. Further to the destabilisation of the surface of the liquid jet close to the exit of the liquid nozzle, the location of the centre of the liquid jet, close to the exit of the liquid nozzle is determined. For type 1 flows (U L = 2 m/s), where the momentum of the liquid stream is the lowest considered, and for the lowest air stream velocity (U G = 47 m/s), the location of the liquid jet centre is evenly distributed around the nozzle axis and it is not displaced by more than 0.04 liquid nozzle diameters (Fig. 13a , circle representing the liquid nozzle internal diameter). However, when increasing the air co-flow velocity, displacement of the centre of the liquid jet even at the base of the nozzle is affected and for the highest air flow, Fig. 13b (flow 1f , U G = 166 m/s) shows that the liquid jet centre is displaced by up to 0.1 liquid nozzle diameters from the nozzle axis (however there is no effect on the mean location of the core which is aligned to the axis of the atomiser). Increasing the liquid jet velocity stabilises the jet and for type 3 flows (U L = 8 m/s), where the liquid inertia is the greatest among the investigated flows for all the air flow rates considered, there is no significant variation in the distribution of the centre location of the liquid jet. This is attested by the tight grouping of the jet centre location in Fig. 13c for the lowest air velocity (U G = 47 m/s) that persists for up to the highest air stream velocity (U G = 166 m/s), as shown in Fig. 13d . At the other end of the liquid jet, where the continuity of the liquid jet is interrupted, the break-up length is defined. The measured break-up length of the liquid jet, presented in Fig. 14a , is scaled with the Weber (We) number and in Fig. 14b with the air-to-liquid momentum ratio (MR). The flow conditions are grouped according to the Re L of the considered flow and are presented separately for each viewing angle. There is good agreement between the measured value of the break-up length among the two viewing angles, which is an indication of the precision of the novel measurement method. In most cases, the break-up length measured from the images recorded from the two viewing angles agrees within 0.2 liquid nozzle diameters. This is a consequence of the large number of samples and the fluorescent intensity based criterion used for the evaluation of the break-up point. With the subjective evaluation of shadowgraphic measurements, this precision can not be attained. When scaling the results with the We number (Fig. 14a) , the break-up length decreases according to a power law function of the We, in agreement with the suggestion of Eroglu et al. [28] . For each value of Re L the break-up length appears to decrease in a power law fashion as the air co-flow (and the We number) is increased. Nevertheless, the trends of Re L do not concur and there is a difference in value of the break-up length by approximately two liquid nozzle diameters for flows of the same We and different Re L . Additionally the value of the exponent is not constant and ranges between -0.2 and -0.3 depending on the Re L . Scaling with MR shows that the breakup length of the continuous liquid jet length decreases in a power law fashion and the break-up length follows a power law function of the MR with an exponent of -0.25 for all flow conditions regardless of Re L . This value is close to what has been reported before with shadowgraphic measurements. Engelbert et al. [26] reported an exponent of -0.3 for the same atomiser. Leroux et al. [29] reported a value of the power law exponent of -0.3 for their airblast atomiser when scaling to the air to liquid momentum flux ratio which is also comparable with the exponent found here, as in our case the area ratio was constant for all measurements and the value of the exponent would be the same if scaling was according to the momentum flux ratio. It is possible that despite the difference in the absolute value of the breakup length between the two techniques that the exact location of the breakup point is not critical to establishing the correlation of the breakup length to the momentum ratio. The fluctuation of the breakup length was found to be approximately constant across the considered flow conditions at about 10% of the mean value of the breakup length.
The fluctuations of the break-up length are quantified by the standard deviation of the measured values and can be seen as error-bars on the figure with length equal to ±1 standard deviation. For each flow condition, the standard deviation of the break-up length was found to be of the order of 10% of the mean value of the breakup length (Fig.  14c) . A difference of about 2% of the standard deviation of the breakup length between the two camera views does exists for the values reported for the highest MR, but considering that the breakup length is short for the particular Momentum Ratios, small differences in the measurements are exaggerated.
From the two normal views of the fluorescent jet, the profiles of the location of the centre of the liquid jets can be detected. The profiles for the range of flow conditions considered here are shown in Fig. 15 superimposed for each flow condition. In general the location of the liquid jet centre is narrowly packed around the central axis of the atomiser close to the nozzle exit for all flow conditions while downstream the nozzle exit, the liquid jet is progressively deflected by the air co-flow. For each air flow rate, the deflection of the liquid jet is inversely proportional to the liquid flow rate (greater liquid flowrate -less deflection), which can be explained by the increased inertia of the liquid jet at higher liquid flow rates. When keeping the liquid flowrate constant and progressively increasing the air flow, while there is a significant decrease in the length of the continuous jet, which is quantified in Fig. 14 , there is not much change in the deflection of the liquid jet for most cases. The deflection of the centre of the liquid jet with the exemption of flow type 1a (U L = 2 m/s, U G = 47 m/s), does not appear to be significantly affected by the increasing inertia of the air stream despite the fact that the jet centre close to the nozzle exit for the lowest liquid flowrate considered has been shown to be sensitive to the air co-flow (Fig. 13a and 13b) . In all cases, the maximum deflection of the liquid jet occurs close to the point where the continuity of the liquid jet is interrupted. At the location of the break-up point, the deflection from the central axis of the airblast atomiser, denoted as R and normalised to the liquid nozzle diameter D L , is plotted against the We number in Fig. 16a . For all cases the deflection of the liquid jet was limited to about half a liquid nozzle diameter. While the deflection is small, it has been demonstrated analytically by Juniper & Candel [30] that for an atomiser where the central liquid nozzle and the coaxial air nozzle exhaust at the same height, the central jet is not inherently unstable. In addition due to the large gas to liquid area ratio, the liquid stream is surrounded by a thick coaxial stream of gas which will tend to limit the deflection of the central liquid jet. Therefore, the deflection of the jet is expected to be small. The increase of the Re L from 5440 to 10850 has a considerable effect since the deflection of the jet centre can decrease by as much as 50%, while the further stabilisation of the jet centre with further increase of Re L is small. The same trend is observed with scaling the deflection of the jet at the breaking point with MR (Fig. 16b) . However measurements do not collapse to a single trend of the MR as the measurements of the breakup length. This is possibly due to the lower amount of turbulence of the liquid jet at lower Reynolds numbers that make the liquid jet less stable, with the deflection becoming greater at lower velocities of the gas stream which would tend to align the liquid jet with the central axis. The Reynolds number of the liquid stream and the Weber number are required for the description of these trends. Increasing the air velocity initially results in a decrease of the deflection of the jet at breakup with increasing air flow. Nevertheless a small increase of the deflection of the jet at the breakup point can be observed for the highest air velocities considered. Finally, the fluctuations of the deflection of the breakup point from the nozzle axis quantified by the standard deviation of the measured values of the deflection which is shown in Fig. 16c normalised to the mean value of the deflection. In all cases the fluctuation is about 50-60% of the mean value of the deflection. 
